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Introduction
The fasting plasma glucose concentration is approximately 5 mM and is regulated by insulin and other hormones [1] . The kidneys freely filter glucose, and almost 90% of this filtered glucose is reabsorbed through the low-affinity, high-capacity Na + -glucose cotransporter SGLT2, which is localized in the brush border membrane of epithelial cells in the S1 segment of the proximal renal tubule. The remaining 10% is reabsorbed through the high-affinity, low-capacity Na + -glucose co-transporter SGLT1, which is located in the more distal S3 segment of the proximal tubule [2, 3] . Two glucose transporters in the basolateral membrane facilitate a gradient-determined glucose efflux into the interstitium; GLUT2 in the S1 segment, and GLUT1 in the S3 segment [4] . Thus, under physiological conditions, the clearance of glucose is near zero. However, the sustained hyperglycemia of diabetes increases the filtered glucose load beyond the maximal tubular transport rate and thus leads to glycosuria, although an increase of SGLT2 and GLUT2 expression in proximal tubule cells contributes to glucose uptake in this nephron segment [4, 5] .
It is known that oxidative stress is related to reactive oxygen species (ROS) in the kidneys of diabetic patients [6] . ROS activate multiple signaling pathways that in turn begin phosphorylation cascades involving serine/threonine-specific protein kinases, such as the mitogen-activated protein kinases (MAPKs) Erk1/2 and p38MAPK. These pathways induce cell proliferation, differentiation and apoptosis [7] . Additionally, the distal nephron cells are important for glucose uptake, glycogen storage, glucose oxidation and consequently ROS generation [8] . However, it has not been established in diabetic animals whether distal nephron cells contribute to the use of glucose as a substrate for the regulation of H + extrusion, even though these cells express vacuolar H The NHE family contains membrane transport proteins whose key functions are the regulation of intracellular pH (pH i ) and cell volume by catalyzing the secondary active electroneutral exchange of one Na + for one H + [11] . To date, ten NHE isoforms have been cloned in mammalian tissues [13, 14] . NHE-1 is highly conserved across vertebrate species, is activated by acidic deviations from steady-state pH i and osmotic cell shrinkage, and in renal epithelial cells it is essentially detected in the basolateral membrane [15] . It has been shown that NHE-1 also regulates intracellular events related to cell proliferation [16] [17] [18] [19] . NHE-1 has two large functional domains: an N-terminal transmembrane domain of approximately 500 amino acids that is responsible for cation translocation, and a cytosolic C-terminal domain of approximately 315 amino acids that is the primary regulatory site for NHE-1 activity [20] . The cytosolic domain contains numerous serine and threonine residues that are phosphorylated by several protein kinases, including the extracellular signal-related kinases Erk1/2, p90 RSK and p38MAPK [13, [20] [21] [22] [23] [24] . Thus, it is reasonable to suspect that Erk1/2 and p38MAPK activation may mediate the effect of high glucose in NHE-1 activity in distal nephron cells, which are essential for Na
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Modified Eagle's Medium (DMEM) (Invitrogen, SP, Brazil, BR), as has been previously described [27] . For pH i experiments, cells were removed from the culture flasks using trypsin and 2.5x10 5 cells were seeded onto 25-mm-diameter glass coverslips inserted into 6-well plates containing complete DMEM medium. The medium was changed every 2 days until the cultures reached 80-90% confluence. For PCR or immunoblotting experiments, cells were seeded into the 6-well plates and cultured under the same conditions described above. For chronic treatment, the cells were treated with DMEM medium containing 25 mM glucose for 48 hours. For each treatment group, a control group was simultaneously cultured in the presence of 5 mM glucose for comparison.
Reverse transcription (RT) followed by polymerase chain reaction (PCR)
Total RNA was extracted from control MDCK cells with the TRIzol LS Reagent Kit (Invitrogen) for use with RT-PCR. mRNA was amplified from total RNA using random primers, SuperScript® II RT (Invitrogen) and PCR (Applied Biosystems, USA). SGLT1 and SGLT2 mRNA was amplified using PCR and specific primers for SGLT1-Canis Lupus familiaris (forward: 5'ccgacatctctgtcatcgtcatctacttt 3'; reverse: 5'ctgccacagacagcaggatgatg 3'; NCBI: NM-001007141.1) or SGLT2-Canis Lupus familiaris (forward: 5' caccatgatctacactgtgacaggagg 3'; reverse: 5'ccgagacaatggtgagacccag 3'; NCBI: NM-001007142.1) (Invitrogen). cDNA products were resolved on a 1% agarose gel.
Immunoblotting
Proteins from control or treated MDCK cells were extracted using ice-cold RIPA buffer (BioRad, Sao Paulo, Brazil) with protease and phosphatase inhibitors (Sigma Aldrich, St. Louis, MO, USA) and centrifugation (3000xg for 5 minutes). Immunoblot analysis was performed on protein aliquots containing 50 µg/lane of proteins resolved in 10% SDS-PAGE as previously described [27, 28] . The following primary antibodies were used in this study: rabbit anti-Glut2 (1:1000); mouse anti-Erk1/2 (1:1000); mouse antiErk1/2 with phosphorylated Thr and Tyr residues (1:1000) (Merck-Millipore, Darmstadt, Germany); rabbit anti-phospho-p90 ribosomal S6 kinase (p90 RSK -Thr 
Fluorescent pHi measurement
For this study, we used 110 glass coverslips carrying cell monolayers, and the baseline pH i was evaluated for each coverslip before acid loading. As described in our previous studies [27-29], intracellular pH (pH i ) was monitored using the BCECF-AM fluorescent probe (Molecular Probes, Eugene, OR, USA). Cells grown to confluence on glass coverslips were fluorescently labeled using 5 µM BCECF-AM in control solution [28] for 3 minutes. Intracellular esterases quickly convert BCECF-AM into its anionic acid form. Then, the glass coverslips were rinsed with control solution to remove excess BCECF-containing solution and placed into a thermo-regulated chamber assembled on an inverted epifluorescence microscope (Nikon). The area of the glass coverslips measured under the microscope had a diameter of 260 µm, and all of the experiments were performed at 37 °C. The cells were alternately excited at 440 or 495 nm with a 150 W xenon lamp, and the fluorescence emission was monitored at 530 nm using a photomultiplier-based fluorescence system (Photon Technology International, PTI) at 5-second intervals. The 495/440 excitation ratio corresponds to a specific pH i . At the end of each experiment, the BCECF signal was calibrated for 15 minutes using the high K -independent pH i recovery was induced by bathing the cells in a Na + -free solution; NaCl from the control solution was replaced with 138 mM N-methyl-D-glucamine (NMDG) and/or concanamycin A and Sch. 28080, pH 7.4. Na + -dependent pH i recovery was induced by bathing cells in control or high glucose solutions containing either concanamycin A, Sch. 28080, HOE-694, S3226, PD 98059 or SB 203580. For all of the experiments, the initial pH i recovery rate was calculated (dpH i /dt, pH units/min) during the recovery phase using linear regression analysis. For acute treatment, cells cultured with 5 mM extracellular glucose were exposed to high glucose solution (25 mM) after acid loading. All steps of pH i recovery analysis for chronic treatment were performed in the presence of high glucose.
All other chemicals were purchased from Invitrogen or Sigma-Aldrich. The osmolality of all solutions was 300 mOsm/kg/H 2 O, which was similar to the osmolality of the cell culture medium.
Statistical analysis
All results are presented as the mean ± standard error (SE), where "n" is the number of coverslips carrying cell monolayers for each group. The statistical significance was assessed by one-way ANOVA followed by the Bonferroni´s or Student's t-test. For immunoblot analysis, values were expressed as a percentage of the respective control, and statistical significance was assumed at p<0.05
Results

Glucose transporters and NHE expression
First, we evaluated the expression of several glucose transporters and the Na + /H + exchanger in MDCK cells. These results demonstrate that SGLT1 or SGLT2 expression was not detected in MDCK cells using RT-PCR (Fig. 1A) . However, MDCK cells are known to express endogenous GLUT1 [22] , and our results (Fig. 1B ) demonstrated that this cell line also expressed the GLUT2 protein. In addition to glucose transporters, MDCK cells also expressed the NHE-1 and NHE-3 proteins (Fig. 1C) , confirming previous studies [12, 27, 28, 32].
Acute high glucose treatment and pH i recovery MDCK cells in HCO 3
--free solution had a mean pH i baseline of 7.14 ± 0.05 (n = 110 coverslips) and a representative trace of pH i recovery ( Fig. 2A) showed that, after acid loading with NH 4 Cl and 138 mM NMDG, the re-addition of a Na + solution containing a low glucose concentration plus concanamycin-A and Sch. 28080 induced pH i recovery to values approaching the baseline level.
Using linear regression analysis, the pH i recovery rate was calculated during the recovery phase after acid loading for all pH i experimental groups. The results (Fig. 2B) indicated that, after acid loading, the mean pH i recovery rate was 0.249 ± 0.023 pH units/ min (n = 10) under control conditions. However, this value was significantly reduced by a solution containing S3226, concanamycin-A and Sch. 28080 [0.178 ± 0.022 pH units/min (n = 9)], which suggested the involvement of NHE-3 and only the additional significant effect of HOE-694 confirms NHE-1 activity [0.038 ± 0.010 pH units/min (n = 7)]. Thus, to evaluate the effect of glucose in NHE-1 activity, cells were then treated with S3226, concanamycin-A and Sch. 28080.
We also investigated whether an increased extracellular glucose concentration affects the HOE-694-sensitive pH i recovery rate. Our results (Fig. 2C) indicate that, under the condition of high glucose, the pH i recovery rate showed a notable rise in pH units/min relative to the control [high glucose: 0.365 ± 0.013 (n = 11) versus the control: 0.178 ± 0.022 (n = 9)]. To confirm the specific effects of 5 or 25 mM glucose on NHE-1 activity, we used mannitol, an impermeable and un-metabolized solute, as an osmotic control. As shown in Fig. 2C , treatment with either 5 or 25 mM mannitol did not modify the HOE-694-sensitive pH i recovery rate in pH units/min relative to the control [5 mM mannitol: 0.172 ± 0.030 (n = 8) or 25 mM mannitol: 0.187± 0.019 (n = 8) versus 5 mM glucose: 0.178 ± 0.022 (n = 9)]. These results confirmed that the stimulatory effect of high glucose on NHE-1 was not related to any osmotic effect.
The effect of acute high glucose concentration on the pHi recovery rate is partially mediated by the Mek/Erk1/2/p90RSK pathway We examined whether the acute stimulatory effect of high glucose in NHE-1 activity was mediated by the Mek/Erk1/2 pathway. For this experiment, the cells were previously treated with PD 98059 (a Mek inhibitor) for 20 minutes, and, after acid loading, they were exposed to control and high glucose concentration solutions with or without PD 98059 for the evaluation of the pH i recovery rate. As shown in . Thus, we next evaluated the effect of acute high glucose concentration and/or PD 98059 on the total and phosphorylated fractions of Erk1/2. As shown in Fig. 3B and C, treatment with an acute high glucose concentration induced a significant increase in the abundance of the Erk1/2-phosphorylated fraction. PD 98059 did not change Erk1/2 abundance under control conditions but did decrease the stimulatory effect of an acute high glucose concentration on this parameter [PD 98059: 107 ± 10% relative to the control; 25 mM glucose: 145 ± 12% relative to the control; 25 mM glucose plus PD 98059: 110 ± 9% relative to 25 mM glucose]. Similarly, a high glucose concentration also increased the abundance of the p90 RSK -phosphorylated fraction in a PD98059-sensitive manner ( Fig. 3D and E) [PD 98059: 111 ± 8% relative to the control; 25 mM glucose: 161 ± 6 relative to the control; and 25 mM glucose plus PD 98059: 117 ± 11 relative to 25 mM glucose]. These results confirmed that, in MDCK cells, the acute highglucose-induced increase in the pH i recovery rate involves Mek/Erk1/2/p90 RSK -mediated NHE-1 activity.
Chronic high glucose treatment increases the pHi recovery rate
Cells were treated with a control (5 mM) or high glucose concentration (25 mM) for 48 hours as described above, and pH i recovery was evaluated. The results (Fig. 4A) revealed that the chronic high glucose treatment increased the HOE-694-sensitive pH i recovery rate (in pH units/min) [Control: 0.180 ± 0.019 (n = 8) and high glucose 48 hours: 0.449 ± 0.022 (n = 10)]. This effect was not related to regulation of NHE-1 protein expression, since the total NHE-1 abundance remained unchanged (Fig. 4B and C) [high glucose 48 hours: 117 ± 11% relative to the control].
The chronic effect of high glucose concentration on the pHi recovery rate is partially mediated by p38MAPK phosphorylation
It is known that p38MAPK can phosphorylate NHE-1 under different conditions [23] . Thus, we evaluated whether the chronic stimulatory effect of high glucose in NHE-1 activity 
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Discussion
Despite that glucose excretion represents a significant health risk; the effects of hyperglycemia and/or glycosuria in the distal nephrons of the kidney have not been extensively studied. In this study, we used MDCK cells, which contain endogenous GLUT1, a protein that is predominantly targeted to the cell basolateral domain [22] . We observed that MDCK cells under the control condition also express endogenous GLUT2 but not SGLT1 or SGLT2. These results suggest that GLUT1 and GLUT2 contribute to glucose uptake in distal nephron cells during extracellular high glucose exposition, therefore these regulations may be important in diabetes mellitus.
In distal nephron cells, the oxidation of intracellular glucose is an important event that may contribute to oxidative stress and, consequently, MAPK stimulation [7, 21, [35] [36] [37] . Interestingly, MAPKs such as Erk1/2 and p38 regulate cellular proliferation, differentiation and apoptosis, and these cellular events are also related to NHE-1 activation [13, 21] .
Various studies have reported that a high level of extracellular glucose has a positive effect in NHE activity in enterocytes, mesangial cells and the brush border membrane of the renal proximal tubules [38] [39] [40] . However, the role of extracellular high glucose in NHE-1 activity of the distal nephron remains unknown. In our study, we evaluated the acute and chronic effect of high glucose in NHE-1 activity and the cell signaling pathways associated with the regulation of this protein. We did not investigate oxidative stress because Khandelwal et al. [8] have demonstrated that distal nephron cells have an active glucose oxidation process.
Initially, we confirmed the expression of NHE-1 and NHE-3 in MDCK cells and demonstrated that NHE-1 had a greater effect in the pH i recovery rate after acid loading. We then investigated whether NHE-1 is activated by high glucose treatment. Indeed, acute high glucose treatment increased the HOE-694 sensitive pH i recovery rate compared with the control (5 mM glucose), indicating a significant and osmolarity-independent effect of glucose in NHE-1 activity.
Searching for signaling mechanisms that may regulate NHE-1 activity during acute high glucose treatment, we focused our attention on the Mek/Erk1/2/p90 RSK pathway because several hormones and growth factors are known to regulate NHE-1 via the MAPK family [33] . In previous studies, there has been some controversy concerning the method of Erk1/2 activation, and different stimuli have been applied over the course of minutes, hours or days [24] . In this study, cells were treated with PD 98059 followed by pH i evaluation. Our results suggest that there may be a significant contribution of the Mek/Erk1/2 pathway on this parameter. The remaining stimulatory effect of high glucose suggests that other mechanisms may also contribute for NHE-1 activation by high glucose. Under these same conditions, we observed that acute high glucose increased the fractions of phosphorylated Erk1/2 and p90 RSK , confirming that the stimulatory effect of acute high glucose on NHE-1 was related to Mek/Erk1/2/p90 RSK pathway activation. These findings are in accordance with other studies that have observed that the Erk1/2/p90 RSK pathway regulates NHE-1 activity because NHE-1 activation by serum in mammalian cells is dependent on the phosphorylation of Ser 703 by p90 RSK . This process is, in turn, directly regulated by Erk1/2 [24, 33]. Considering our results using acute treatment, we evaluated the effect of chronic high glucose on NHE-1 abundance and activity. We also evaluated the contribution of the Mek/ Erk1/2 or p38MAPK pathways on NHE-1abundance and activity. For this, MDCK cells were treated with concentrations of 5 or 25 mM glucose for 5, 20, 25 and 48 hours and after acid loading, the HOE-694-sensitive pH i recovery rate increased in a time-dependent manner [5, 20 and 25 hours (data not shown)]. Because the maximum effect of chronic high glucose in the HOE-694-sensitive pH i recovery rate was observed at 48 hours of treatment, we confirmed the contribution of NHE-1 activity to pH i regulation under these conditions. NHE-1 abundance did not change, however, indicating that the effect of high glucose on NHE-1 activity may be associated with specific phosphorylation sites.
The Mek/Erk1/2 pathway can also be activated by chronic stimuli, including thrombin, fibroblast growth factor, hormones and glucose [24, 37] . Given the observation of a chronic ) in NHE-1 [23] . In part, our results are in accordance with these findings because SB 203580 partially reduced the effect of chronic high glucose concentrations on both the HOE-694-sensitive pH i recovery rate and p38MAPK abundance, confirming the interaction of NHE-1 with p38MAPK during chronic high glucose treatment. On the other hand, the remaining stimulatory effect observed on both parameters suggests that in addition other mechanisms, may also contributes to the regulation of NHE-1 activity during chronic high glucose treatment.
The physiological relevance of the present study is related to the enhanced knowledge of cellular signaling surrounding the effects of glucose on NHE-1 activity in the distal nephron, which is essential for glucose, Na + and pH homeostasis. Furthermore, since important regulations were also observed in response to chronic high glucose concentration, these effects may play important role in the renal pathophysiology of diabetic subjects.
In conclusion, we demonstrated that an acute or chronic high glucose treatment induced a significant increase in the HOE-694-sensitive pH i recovery rate in MDCK cells through the activation of NHE-1 protein. In addition, we demonstrated that the stimulatory effect in NHE-1 activity induced by acute high glucose was mediated by the Mek/Erk1/2/p90 RSK pathway. Alternatively, the effect of chronic high glucose in NHE-1 activity was mediated by p38MAPK; without participation of Erk1/2 pathway.
